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Abstract 

CP violating phenomena and rare decays of B® mesons offer interesting probes 
to test the quark-flavor sector of the Standard Model. In view of plenty of data 
reported in particular from the Large Hadron Collider, this topic has received a 
lot of attention in 2012. We give an overview of the the most recent experimental 
results, new theoretical developments, and discuss the prospects for the future 
exploration of the S°-meson system. 
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1 Introduction 



1.1 Setting the Stage 

Weak decays of B mesons offer various strategies for the exploration of the quark-flavor 
sector of the Standard Model (SM) of particle physics. In the previous decade, decays of 
B° d and B + mesons have been the focus of the e + e~ B factories at SLAC and KEK with 
the BaBar and Belle detectors, respectively Pioneering first results on the S°-meson 
system were first obtained by the ALEPH [1], DELPHI [2] and OPAL [3] experiments at 
LEP. Few years later the CDF [4-6] and D0 [7,8] experiments at Fermilab have greatly 
improved the knowledge of the 5°-meson system. In this decade, the exploration of B° s 
decays is one of the key topics of the 5-physics program of the Large Hadron Collider 
(LHC) at CERN, with its dedicated -B-decay experiment LHCb [9]. 

The valence quark content of a B® meson is given by a strange quark s and an 
anti-bottom quark b. The 5°-meson system exhibits a fascinating quantum-mechanical 
phenomenon, B®-B° s mixing, and provides an interesting laboratory to explore CP vi- 
olation. Key features of the _B s -meson system are the large mass difference AM S and 
the expectation of a sizable width difference Ar s between the B s mass eigenstates, and 
smallish CP violation in the B° s — > J/ip<p decay in the SM. 

In the SM, all the flavour and CP violation is governed by the Cabibbo-Kobayashi- 
Maskawa (CKM) quark-mixing matrix [10, 11], connecting the electroweak eigenstates 
of the down, strange and bottom quarks with their mass eigenstates through a unitary 
transformation. In extensions of the SM, typically new sources of flavor and CP viola- 
tion are present, with experimental data putting severe constraints on them. A recent 
overview of this topic in view of the recent LHC data was given in [12]. 

The study of the CP asymmetry in mixing offers one of the promising possibilities 
to search for the new sources of CP violation because of a very small SM expectation. 
The results of this study using the semileptonic B® decays obtained at the Tevatron 
[13-15] show an indication of the deviation from the SM prediction, although the recent 
measurement by the LHCb experiment [16] is consistent with the SM expectation. 

The current results about CP violation in B° s ->■ [17-20] and B° s ->■ J/^/ (980) 

[21,22] are consistent with the SM corresponding to tiny CP violation. From the the- 
oretical point of view, these measurements are affected by uncertainties from doubly 
Cabibbo-suppressed penguin contributions [23]- [30]. Since these effects are of non- 
perturbative nature, they cannot be calculated in a reliable way within QCD. However, 
the corresponding hadronic parameters can be constrained and determined with the help 
of control channels. 

The study of CP violation in 5° decays is also important for the determination of the 
angle 7 of the unitarity triangle of the CKM matrix. On the one hand, this angle can 
be determined by means of the pure tree decays B° s — > DfK T . On the other hand, it 
can also be extracted from the B® — > K + K~ decay and its partner channel B® — > 7r + 7r~, 
involving loop contributions. 

Complementing these studies of CP violation, the rare decay B Q S — > plays an 

outstanding role for the testing of the SM, where this transition emerges only from loop 
processes. The theoretical prediction of the branching ratio of this channel involves only 
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a single non-perturbative, hadronic parameter and is very clean, with an uncertainty 
limited by lattice QCD. The search for this decay started at the Tevatron [31,32] and 
continued at LHC [33-35]. In November 2012, the LHCb collaboration has eventually 
reported the first evidence of this channel at the 3.5 a level, with a branching ratio in 
agreement with the SM picture although the experimental errors are still large [35]. 

A further highlight of the experimental B s results reported in 2012 is a sizable Ar s , 
which has been established by the CDF, D0 LHCb and ATLAS collaborations [17-20, 
36-39]. This quantity leads to subtleties in the conversion of experimental data into 
branching ratios of B° s decays [40] , but offers also new observables that can be exploited 
in the search for New Physics (NP) with the B° s — > channel [41]. 

In this review, we shall give an overview of these topics. As a large part will deal 
with experimental data, let give a brief description of the main detectors in the next 
subsection. 

1.2 Experimental Detectors for B® Physics 
1.2.1 Detectors at Tevatron 

The CDF and D0 experiments are general purpose collider detectors designed to maxi- 
mally exploit the possibilities provided by the pp collisions at y/s = 1.96 TeV and operate 
at the instantaneous luminosity up to 5 x 10 32 cur 2 s -1 . Although the main emphasis in 
their design is made on the detection of events with the highest possible invariant mass, 
they also contain the elements necessary to endeavour the 5-physics research. 

Both of them have the tracking system [4,7] consisting of the solenoidal magnet, the 
silicon microstrip detectors and the central tracker. The instrumented volume of the 
CDF tracking system extends up to the radius of 137 cm, while the outer radius of the 
D0 tracking system is 53 cm. 

The muon identification system [5,8] covers the pseudorapidity range up to \r]\ < 1 in 
CDF and up to \r)\ < 2 in the D0 detector. The muon system of the D0 experiment also 
includes the toroidal magnets. They allow an independent measurement of the muon 
momentum. This property helps to improve the quality of the identified muons. 

An important part of the CDF detector essential for the 5-physics studies is its 
special trigger [6] to select events with displaced tracks. It is the basis for many CDF 
measurements with fully hadronic B decays. Its another trigger configurations select the 
events with one or two muons. The trigger system of the D0 detector does not provide a 
possibility to collect events with displaced tracks, although its muon and di-muon triggers 
are very efficient and robust. Therefore the focus of the £?-physics measurements in D0 
experiment is shifted towards the semileptonic B decays and decays with J/ip — » fi + fi~ 
in the final state. 

The polarities of the toroidal and solenoidal magnetic fields of the D0 detector are 
regularly reversed. This reversal helps to significantly reduce the systematic uncertainties 
of the measurements sensitive to the differences in the reconstruction efficiency between 
the positive and negative particles, like the measurements of the CP violating charge 
asymmetries. 

Thus, both the CDF and D0 experiments have sufficient and powerful tools to fulfill 
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Figure 1: Vertical view of the LHCb detector (from Ref. [9]). 



their B-physics research program. They also contain several special features which make 
them different and complementary. The CDF detector has a larger tracking volume. 
Therefore its charged particle momentum resolution is superior to that of the D0 detec- 
tor. It also has the possibility to select the hadronic B decays. The D0 detector includes 
a sophisticated muon identification system with local measurement of the muon momen- 
tum. The reversal of the magnet polarities allows it to perform several measurements of 
the charge asymmetry in the semileptonic B decays which are at the world best level. 

1.2.2 The LHCb detector 

The LHCb detector [9], shown in Fig. 1, is a single-arm forward spectrometer cover- 
ing the pseudorapidity range 2 < rj < 5, designed for the study of particles containing 
6-quark or c-quark. The detector includes a high precision tracking system consist- 
ing of a silicon-strip vertex detector surrounding the pp interaction region, a large-area 
silicon-strip detector located upstream of a dipole magnet with a bending power of about 
4Tm, and three stations of silicon-strip detectors and straw drift tubes placed down- 
stream. The combined tracking system has a momentum resolution Ap/p that varies 
from 0.4% at 5GeV/c to 0.6% at lOOGeV/c and an impact parameter resolution of 
20/im for tracks with high transverse momentum. The dipole magnet can be operated 
in either polarity and this feature is used to reduce systematic effects due to detector 
asymmetries. Charged hadrons are identified using two ring-imaging Cherenkov detec- 
tors. Photon, electron and hadron candidates are identified by a calorimeter system 
consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter 
and a hadronic calorimeter. Muons are identified by a system composed of alternating 
layers of iron and multiwire proportional chambers. 
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A two-stage trigger is employed [42]. First a hardware-based decision is taken at a 
frequency up to 40 MHz. It accepts high transverse energy clusters in either the elec- 
tromagnetic calorimeter or hadron calorimeter, or a muon of high p? ■ A second trigger 
level, implemented in software, receives 1 MHz of events and retains ~ 0.3% of them. 
The software trigger requires a two-, three- or four-track secondary vertex with a high 
sum of the transverse momentum, p? of the tracks and a significant displacement from 
the primary pp interaction vertices (PVs). At least one track should have px > 1.7GeV/c 
and impact parameter (IP) x 2 with respect to the primary interaction greater than 16. 
The IP x 2 is defined as the difference between the x 2 of the PV reconstructed with and 
without the considered track. A multivariate algorithm is used for the identification of 
secondary vertices consistent with the decay of a 6-hadron. 

1.2.3 The Atlas and CMS detectors 

The Atlas [43] and CMS [44] detectors are multi-purpose central detectors optimized 
for searches of heavy objects. At high luminosity, their potential for flavour physics is 
limited by their triggering capabilities and focus mainly on b and charmonium decays 
involving dimuons. Their impact on B® physics is currently mainly related to the search 
for the very rare B° s -> decay and to the study of B° s — > J/t/xf). 

1.3 Production of B® Mesons 

At the LHC, the bb production cross-section is large: it is expected to be of the order 
of 500 /jb at 14 TeV [45]. The LHC is currently running at 7 or 8 TeV and the cross- 
section has been measured to be of the order of 290 fib [46] for a center of mass energy 
of 7 TeV. The detector has taken data at an instantaneous luminosity of about 3.5 to 4 
xlO 32 cm~ 2 s _1 , and with a number of pp interactions per crossing of ~ 1.4. During the 
2012 data taking, the center of mass energy has been increased to y^s = 8 TeV which 
corresponds to an increase of about 15 % in the number of bb events. The recorded data 
amounts to more than 3 fb _1 , the world largest 6-hadron sample. 

The knowledge of the production rate of B® mesons is required to determine any 
B° s branching fraction. To be specific, the measurement of branching ratios of B° s — )■ f 
decays at hadron colliders relies on certain normalization channels B q — > X, where the 
B+ — > J/ipK + , B% — > K + n~ and/or B% — > J/ipK*° modes play key roles. The B° s decay 
branching ratio can then be extracted with the help of the relation 

BR(5 S ° /) = BR{B q X)fy^^, (1) 

where the e and N factors denote the total detector efficiencies and the observed number 
of events, respectively. In practical terms, the ratio of the "fragmentation functions" f q 
represents usually the major source of the systematic uncertainty, in particular for the 
measurement of the branching ratio of the rare B® — > fi + fi~ decay [47]. The f q describe 
the probability that a b quark will fragment in a B q meson (q G {u, d, s}), and depend 
on the hadronic environment of the collider. 

A new method for determining f s /fd using nonleptonic B° s D+n~, £>° — > D + K~ , 
B° d — > D + n~ decays [47,48] was implemented at LHCb [49], with a result in good 
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Figure 2: Illustration of B Q S -B® mixing in the SM (left panel) and in the presence of NP 
contributions (right panel). 



agreement with measurement using semileptonic decays [50]. The S'[/(3)-breaking form- 
factor ratio entering this method has recently been calculated with lattice QCD [51]. An 
updated experimental result obtained with the nonleptonic decays and the data recorded 
in 2011 by the LHCb experiment [52], combined the measurement using semileptonic 
decays, leads to 

f 

^ = 0.256 ±0.020, (2) 

Id 

where the various sources of correlated systematics uncertainties, notably the D branch- 
ing fractions and B lifetimes, are taken into account. 



1.4 Outline of the Review 

The remainder of this review is organized as follows: in Section 2, we discuss B° s - 
B® mixing and the current status of the measurements of the corresponding mixing 
parameters. In view of the large value of Ar s , we have a closer look at subtleties in 
the extraction of B° s decay branching ratios and point out the usefulness of effective 
decay lifetimes. In Section 3, we turn to CP violation in the B° s system, which is a 
central part of this review. After discussing first CP violation in B®—B® oscillations that 
is probed through the semileptonic charge asymmetry, we review the extraction of the 
mixing phase (fi s from the B® — >• J/ip(j) an d B® — > J /ipf o(980) decays and the associated 
theoretical uncertainties through penguin topologies. In addition to these benchmark 
channels, we shall also address CP-violating phenomena in a variety of other B° s decays. 
In Section 4, we discuss rare B° s decays, with a focus on the most prominent B® — >■ 
channel, and brief discussions of B® — > 07 and B° s — > <ftfi + fi~ . Finally, we summarize in 
Section 5 the main conclusions and give an outlook of B° s physics. 



2 Time Evolution of the System 
2.1 General Features 

The neutral B s mesons show the quantum-mechanical phenomenon of B° s -B° s mixing, 
which is caused in the SM by box-diagram topologies, as illustrated in the left panel of 
Fig. 2. Consequently, an initially, i.e. at time t — 0, produced _B°-meson state evolves 
into a time-dependent linear combination of B° s and B® states: 

\B s (t))=a(t)\B s } + b(t)\B° s }. (3) 
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The time-dependent functions a(t) and b(t) can be calculated in a straightforward way by 
solving an appropriate Schrodinger equation, where "heavy" and "light" mass eigenstates 
are introduced, which are characterized by the differences 

am, - .u,7 .u, ; ; . Ar s = r[ s) - (4) 

of their masses and decay widths. These quantities enter the analytic expressions for 
the time-dependent decay rates T(Bg(t) — > f) and T(B° s (t) — > /), which correspond to 
decays of initially present B® and B® mesons, respectively. Moreover, B®-B® mixing 
involves also a CP-violating phase, which takes the general form 

<p s = + <r . (5) 

Here the former piece is the SM contribution 

0f 1 = 2arg(V7 s \4) = -2\ 2 V = -(2.08 ± 0.09)°, (6) 

where A = \V US \ and rj (measuring the height of the unitarity triangle) are Wolfenstein 
parameters [53], and the numerical value refers to the analysis of the CKM matrix 
performed in Refs. [54, 55] . For a detailed discussion of the formalism of B° s -B® mixing, 
the reader is referred to [56]. 

In the presence of NP, new particles may enter the box diagram (as illustrated in the 
right panel of Fig. 2), or may give rise to new contributions at the tree level, which is 
forbidden in the SM. Should new CP-violating phases be involved, they would manifest 
themselves through the <^ p term in (5), which could then make <p s differ sizably from 
its SM value (see, for instance, Refs. [57]- [60] and references therein). 

Another characteristic feature of the £> s -meson system is the decay width difference 
Ar s . Thanks to b — > ccs quark-level processes, it is expected to be sizable in the 
SM [61,62], with Ar s /r s |sM ~ 0.15, while the counterpart of this quantity for the Bj- 
meson system is expected at the 0.1% level. The current situation has recently been 
summarized in Ref. [63]. 

2.2 B°-B° Oscillations 

Since the first observation of particle-antiparticle transformations in neutral B mesons 
in 1987 [64], the determination of the B° S -B Q S oscillation frequency AM S from a time- 
dependent measurement of B®-B® oscillations has been a major objective of experimental 
particle physics. A long standing search was performed during more than 19 years, 
mainly due to the fact that the B®-Bg oscillation frequency is 35 times larger than that 
for the B®-B® system, posing a considerable challenge for the decay time resolution of 
the detectors. The large statistics available at the Tevatron and the good proper time 
reconstruction allowed in 2006 the D0 and CDF experiments to produce the first precise 
measurements [65,66]. More recently, with only 36 pb~\ the LHCb experiment has 
confirmed the measurement with a similar statistical precision but a smaller systematical 
uncertainty [67]. The B° s -B® mixing frequency is now known with a precision better than 
0.5 % [68] : 

AM S = (17.69 ± 0.08) ps _1 (7) 
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Note that the ability to resolve these fast B° s -B® oscillations is a prerequisite for 
many physics analyses. In particular it is essential for the study of the time-dependent 
CP asymmetry of B° s — > J/ip<j>. 

The mass difference AM S is proportional to the CKM coefficient |V^ S | 2 . However, the 
value of \Vts\ directly extracted from AM S has large theoretical uncertainties related to 
the contribution of non-perturbative QCD effects. Many such uncertainties cancel in the 
ratio AM S / AM d , which can be expressed as 

AM, 2 Mgo 
AM d M B? 

Here £ is an SU(3) flavor-symmetry-breaking factor, while the M B o denote the masses 
of the B® mesons. The former non-perturbative parameter can be determined with the 
help lattice QCD, where the most recent value reads as follows [69]: 

f = 1.237 ±0.032. (9) 

Using this result and the average of the AM, measurements by the CDF and LHCb 
experiments, the value 

= 0.2111 ± O.OOlO(exp) ± 0.0055(lattice) (10) 

has been extracted [68]. It can be seen that the theoretical uncertainties still dominate 
in this ratio. They need to be improved in the future for a precise test of the unitarity 
relation of the CKM matrix. 



V td 



(8) 



v td 



2.3 Untagged B s Decay Rates and Branching Ratios 

A particularly interesting case arises if no distinction, i.e. "tagging", is made between 
initially present B® or B° s mesons. The corresponding "untagged" decay rate is a sum 
of two exponentials: 

<r(B.(f) /)) = r(B° s (t) ^f)+ T(B° s (t) f) = R f H e- T( » h + ^e"^ 4 . (11) 



This expression can be rewritten as 

(T{B.(t) ^ f)) = (rL + RI) e" Fs 
where the observable 

depends on the final state /, and 



cosh (y s t/ r Bs ) + A f Ar sinh (y s t/ r Bs 



RL + Rl 



(12) 



(13) 



at s _ - r (s) 



2T X 



2T S 



^- = 0.088 ±0.014 



(14) 
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describes the impact of a non- vanishing decay width difference Ar s ; the average decay 
width 



2r, 



= Tr 



(0.6580 ±0.0085) ps" 



(15) 



is given by the inverse of the B s lifetime t Bs . The numerical values in (14) and (15) 
correspond to the results reported in Ref. [70]. 

The untagged rates (12) are used by experiments for the extraction of branching 
ratios. However, usually no time information for the untagged data sample is taken into 
account, which corresponds to the following time- integrated, "experimental" branching 
ratios [40,71]: 



BR (B. /) exp = 



R f 



+ 



2 



(F(B s (t)^f))dt 
1 + v4 Ar y s 



(16) 



rL + r 



y 2 s 



H L 

On the other hand, in the theory community, the B®-B® oscillations are usually "switched 
off' by choosing t — 0, and the following CP-averaged branching ratios are calculated: 



BR(B s ^f) theo = T -f(r(B° s (t)^f)) 



t=o 



2 



Rl + R 



(17) 



The advantage of this B s branching ratio concept is the possibility of comparing straight- 
forwardly with branching ratios of decays of B® or B+ mesons that are related to one 
another by the SU (3)f flavor symmetry of strong interactions. 

The conversion between the time-integrated and theoretical branching ratios defined 
in (16) and (17), respectively, can be accomplished with the help of the following relation 
[40]: 



BR(5 s ->/) thco = 



Ar • 



BR(B s ^f) 



exp 



(18) 



While the term in square brackets would be equal to one in the presence of a vanishing 
decay width difference Ar s , the experimental value of y s in (14) can lead to a difference 
between theoretical B s — > / branching ratios and their experimental counterparts as 
large as 10%, depending on the final state /. A compilation of these effects, based on 
theoretical analyses which make in particular use of the SU (3) flavor symmetry, can 
be found in Ref. [40]. Subtleties related to Ar s in the experimental analysis of the 
B s — > K*°K*° channel were also discussed in Refs. [72,73]. 



2.4 Effective B s Decay Lifetimes 

The theoretical input for the conversion of the branching ratios into the corresponding 
theoretical branching ratios can be avoided as soon as time information for the untagged 
B s data is available. In this case, the effective B s lifetime of the decay at hand [74], 
which is defined as 

f~t(T(B 8 (t)^f))dt r Bs 

Tf JZ°(r(B a (t)^f))dt ~\-vl 



l + 2A{ r y s + y. 



(19) 
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Figure 3: Constraints in the (f) s -AT s plane from measurements of the effective lifetimes 
of the B° s K + K~ and B° s J/i/)f decays [74,75]. 

can be extracted, thereby yielding the following expression [40]: 

BR(i? s ^/) cxp ; (20) 

it should be emphasized that only measurable quantities appear on the right-hand side. 
The measurement of effective B s decay lifetimes is hence an integral part of the extraction 
of the theoretical branching ratios (17) from the data. 

Another interesting application of effective lifetimes of B s decays is that they allow 
us to probe the CP- violating mixing phase <p s and the decay width difference Ar s . In 
particular, the lifetimes can be converted into contours in the s -Ar s plane, where the 
intersection of the contours related to the effective lifetimes of B s decays into CP-even 
(such as B s — > K + K~) and CP-odd (such as B s — > J/ipfo with f = / (980)) final states 
allows the extraction of <p s and Ar s [74,75]. This determination is extremely robust 
with respect to the hadronic penguin uncertainties and complements nicely studies of 
CP violation in B° s — > J/i/j(j) and B° s — > J/ipfo decays to be discussed in Section 3. 

The first measurements of effective lifetimes for B s decays into final CP eigenstates 
by the CDF and LHCb collaborations have recently become available. The LHCb col- 
laboration measured the effective lifetime of the B° s — > K + K~ decay and published two 
independent results [36,37] using the statistics collected in 2010 and 2011: 

t k+k - = [1.440 ± 0.096(stat) ± 0.009(syst)] ps (37 pb _1 ), (21) 
t k+k _ = [1.455 ± 0.046(stat) ± 0.006(syst)] ps (1 ftT 1 ). (22) 

The B° s lifetime in the decay mode B° s J/^/ (980) with / (980) tt+tt" was 
measured by the CDF and LHCb collaborations. The CDF collaboration has analyzed 
3.7 fb _1 and reconstructed 502 ± 37 such decays and has found [38] 

r jm = [1.70lgi?(stat) ± 0.03(syst)] ps. (23) 



BR (B s — >■ /) 



thco 



IL 
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The LHCb collaboration has reconstructed 4040 ± 75 decays B° s — > J/ipfo using the 
statistics corresponding to the integrated luminosity of 1 fb _1 and has obtained [39] 

Tj/i>fo = [1.700 ± 0.040(stat) ± 0.026(syst)] ps. (24) 

The results (23) and (24) are in very good agreement, although with a better precision 
for the LHCb result. It is important to note that the difference between the B° s lifetime in 
the decay modes B® — y K + K~ and B° s — y J/ipf o(980) exceeds three standard deviation, 
which is an independent evidence of the non-zero decay width difference Ar s of the 
5 s -meson system. 

In Fig. 3, we show the constraints in the <f) s -AT s plane that follow from the effective 
B° s decay lifetime measurements discussed above. Future lifetime measurements with 
1% uncertainty would be most interesting. 

3 CP Violation in B° a Decays 
3.1 Introduction 

Decays of B° s mesons allow interesting studies of CP violation. In the analyses of the 
corresponding CP-violating rate asymmetries it is essential that "tagging" information is 
available, allowing the distinction between initially present B° s or B® meson states. Let 
us, for simplicity, consider a decay into a CP eigenstate /, which will also be particularly 
relevant for the major part of the discussion in this section. The CP-violating rate 
asymmetry takes then the following form: 

T(B° a (t) -> f) - T(B° a (t) -» f) _ C(B S -> f) cos(AM s t) - S(B S -> f) sin(AM s t) 

T(B^t) ^f) + r(B°(t) /) ~ cosh(Ar s t/2) + Aat(B s -+ f) sinh(Ar s t/2) ' 

(25) 

where the the time-dependent rates refer to initially present B° s or B® states. 

The observable C(B S — > f) describes "direct" CP violation, which is caused by the 
interference between different amplitudes contributing to the decay at hand, with non- 
trivial CP-conserving strong and CP-violating weak phase differences. On the other 
hand, the observable S(B S — y f) originates from interference between B° s -B° s mixing 
and B®,B® — y f decay processes and is referred to as "mixing-induced" CP violation. 
The observable Aat{B s —y f ) arises in the untagged rate, as we have already discussed 
in (12). It should be noted that these observables are not independent from one another, 
satisfying the following relation: 

[C(B. f)] 2 + [S(B S f)f + [A Ar (B s f)f = 1. (26) 

For a detailed discussion of the calculation of these observables, the reader is referred 
to [56]. 

In the rate asymmetry in Eq. (25), CP violation in B®-B® oscillations has been 
neglected as this phenomenon has here a tiny impact. Before turning to B° s — y J/ijxfr, 
which is one of the most prominent 5°-meson decays to explore CP violation, let us first 
have a closer look at CP violation in B®-B® mixing. 
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3.2 CP Violation in B°-B° Mixing 

CP violation in the mixing of the neutral B® mesons (q = d, s) is described by the phase 
0* 2 , which is defined as 

0? 2 = arg(-^). (27) 

The phase (p\ 2 should not be mixed up with the <p s introduced in (5). In the presence of 
NP contributions to B Q S -B Q S mixing, it takes the form 



'12 — ri2 



sm + 4>r , (28) 



where the SM piece takes the following numerical value [61]: 

Ism = (0.22 ±0.06)°, (29) 



'121 



and is the same NP phase entering also (5). The notation agrees with that of 
Ref. [76]. 

The parameters M\ 2 and Y\ 2 are the complex non-diagonal elements of the mass 
mixing matrix. They are related to the observable quantities AM, and Ar, introduced 
in (4) as 

AM, = 2 |Mf 2 | , Ar, = 2|r? 2 |cos0? 2 , (30) 

where it should be emphasized that <j)\ 2 enters the decay width difference [77]. The CP- 
violating phase (j)\ 2 can be extracted from the charge asymmetry a q sl for "wrong-charge" 
semileptonic i?,-meson decays induced by oscillations, which is defined as 

q _ rK(t) -> t + x) - rcgg) -> e~x) 
° sl r(fl°(f) ->■ i+x) + r(s°(t) ->• £-x) ' 1 J 

This quantity is independent of the decay time t, and can be expressed as 



1 12 



Mf 2 



Ar 

Sil1 ^ 2 = AM tan ^ 2 ' ( ' 32 ' ) 



For a much more detailed discussion of this topic, we refer the reader to Ref. [63]. 

In experimental measurements, the muon is much easier to identify than any other 
lepton. Therefore all experimental results on the semileptonic charge asymmetry are 
obtained with £ = \i in Eq. (31). The SM predicts values of af { and which are not 
detectable with the current experimental precision [61]: 



tt sl 



Ism = -(4.1 ±0.6) x 10" 4 , a s sl \ SM = (1.9 ± 0.3) x 10~ 5 . (33) 



Additional contributions to CP violation via loop diagrams appear in some extensions 
of the SM [78-83] and can result in these asymmetries within experimental reach. 

The D0 experiment performed several measurements of the semileptonic B® and B® 
charge asymmetry. The polarities of the toroidal and solenoidal magnetic fields of D0 
detector were regularly reversed so that the four solenoid-toroid polarity combinations 
were exposed to approximately the same integrated luminosity. This feature is especially 
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important in the measurements of the charge asymmetry, because the reversal of magnets 
polarities allows for a cancellation of first order effects related with the instrumental 
asymmetry and the reduction of the corresponding systematic uncertainty. 

One of the D0 results [13] consists in measuring the like-sign dimuon charge asym- 
metry Agj. Assuming that this asymmetry is produced by CP violation in the mixing of 
the B® and B® mesons, it can be expressed as 

A b sl = C d a d sl + C s a s sh (34) 

where the coefficients C d and C s depend on the mean mixing probabilities Xd and Xs and 
the production rates of the B° d and B° s mesons. Using the integrated luminosity of 9.1 
fb 1, the D0 experiment obtained 

A b sl = [-0.787 ± 0.172(stat) ± 0.093(syst)]%. (35) 

This result differs by 3.9 standard deviation from the SM prediction [61]: 

A s b 1 | SM = (-2.3±0.4)xlO- 4 . (36) 

From the study of the impact parameter dependence of the asymmetry, the D0 experi- 
ment extracted separate values of 4 and 

4 = (-0.12 ±0.52)%, 

4 = (-1.81 ± 1.06)%. (37) 

The correlation p ds between these two quantities is 

p ds = -0.799. (38) 

The D0 experiment also performed separate measurements of the asymmetries 4 
and a*; using the semileptonic decays B® — > fi + vD~X, B° d — > p + fiD*~X [14], and 
B° s — > p + vD~X [15], respectively. They obtained the following values: 

4 = [+0.68 ± 0.45(stat) ± 0.14(syst)]%, (39) 

4 = [-1.08 ± 0.72(stat) ± 0.17(syst)]%. (40) 

Recently, the LHCb collaboration has performed a similar measurement [16] of the 
asymmetry a s sl using the decays B® — > jj, + uD~X and has obtained the most precise value 
to date : 

4 = [-0.24 ± 0.54(stat) ± 0.33(syst)]%. (41) 

All these results are consistent with one another, although the LHCb measurement does 
not confirm the significant deviation from the SM observed by the D0 experiment. The 
4 asymmetry has also been measured at B-factories with a very good accuracy [84] : 

4 = (0.02 ± 0.31)% (42) 

Putting everything together, the deviation from the SM is significantly reduced to 2.4 
standard deviations [84]. However, the current size of the experimental uncertainties 
still allows for possible NP contributions. 
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Figure 4: Decay topologies contributing to the — y J/ip(p decay in the SM 



3.3 CP Violation in B° s J/tfxf} 

The most prominent £?°-meson decay to explore CP violation is the B® — y J/ilxj) channel. 
It is the B° s counterpart of the B d — y J/^K S decay, which was in the main focus of the 
B factories in the previous decade and has allowed the BaBar and Belle collaborations 
to establish CP violation in the B d system. In the SM, the CP-violating asymmetry 
is proportional to sin 2/3, where (3 = ^g(—V cd V* b /V td V t * b ) denotes the usual angle of the 
CKM unitarity triangle. 

In the case of B° s —y J/vp(f), CP- violating effects allow us to probe the CP- violating 
Bg-Bg mixing phase <p s , which was introduced in (5) and takes the tiny SM value given 
in (6). Since the final state involves two vector mesons which can be present in final state 
configurations / G {0, ||,-L} [85], we have to deal with a mixture of CP-even and CP- 
odd eigenstates. For the extraction of <fi s , these CP eigenstates have to be disentangled, 
which can be accomplished with the help of a a time-dependent angular analysis of the 
J/ip — y and <p —y K + K~ decay products [86,87]. 

In the SM, the B° s -y J/ipcj) decay receives contributions from color-suppressed tree 
and penguin topologies, as illustrated in Fig. 4. For a given final-state configuration /, 
the corresponding transition amplitude can be written as follows [26]: 



A(B° S -> (J/^0)/) = (1 - A 2 /2) A' f [l + ea' f e ie 'fe^ 
where the following CP-conserving parameters enter: 



Ac)' , Ac)' _ At)' 



p,f 



I iff, j-, 

a f e f = Rb 



An)' _ At)' 

^-PJ A p,f 



A°y , A(cy _ a 

ilrp f Zip f - i 



(c)' 



PJ 



\(ty 
l pj. 



(43) 



(44) 



Here A^f is the color-suppressed tree contribution and the A p q ^ denote penguin topolo- 
gies with internal q quarks shown in Fig. 4. The primes are a reminder that we are 
dealing with a b — y ccs transition. Moreover, the decay amplitude involves the CKM 
factors 



A= -\V cb \ -0.8, 







V u b 


h; 




v cb 



0.5, e = 



A 2 



1-A 2 



0.053. 



(45) 



The parameters in (44) suffer from large hadronic uncertainties, in particular the a'e l0 \ 
which is a measure of the ratio of the tree to penguin contributions. However, as the 
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latter quantity is doubly Cabibbo-suppressed in (43) by the tiny e parameter, it is usually 
neglected. 

The angular analysis allows to construct CP asymmetries in analogy to (25) for 
the final-state configurations / G {0, ||,_L}, where the CP-violating observables can be 
written as follows [26]: 



2ea'j sin 9'f sin 7 
1 + 2ea' f cos 9'j cos 7 + e 2 a'j 



C{B S -+ {J/n)f) = - n , o^l^L,. ■ e2 „/2 (46) 



S(B S -+ (J/ixf>) f ) 



y/1 - C(B S ( J/^) f f 
Here the A0{ denotes a hadronic phase shift, which is given by 

^2^/2 



sin(0 s + A0{). (47) 



tan 



. 2ea' f cos 9' f sin 7 + e a, sin 27 
Vs ~ 1 + 2ea' f cos cos 7 + eV/ cos 27 ' { 1 



Using data for direct CP violation in Bd — > J/ipKs, the correction due to the square 
root in (47) is tiny, so that this expression can be simplified as 

S(B S -+ (J/n)f) = sin(0 s + A0{). (49) 

In the literature, it is usually assumed that A0{ = 0. Making this assumption, HFAG 
has compiled the most recent average cj) s = _(o.74+^)° [88], which is fully consistent 
with the SM value in (6). Once the experimental precision improves further, even a 
small phase shift A0{ at the 1° level may have a significant impact on the extraction 
of 4> s from (49) and the resolution of possible CP-violating NP contributions to B®-B® 
mixing. 

A channel to probe these penguin contributions is offered by B° s — > J/ipK*°, with a 
SM decay amplitude of the structure 

A(B° S ( J/^K*°) f ) = -A A f [1 - a f e»'e*] . (50) 

The key feature is that here the a/e i6>/ term is not suppressed by the tiny e parameter. 
Neglecting penguin annihilation (PA) and exchange topologies (E), which can be con- 
strained by the upper bound on BK(Bd — > J '/ip4>) as \E + PA|/|T| <^ 0.1, and using the 
£77(3) flavor symmetry, we get the relations a/ = a'j and 9f = 9'p allowing us to get a 
handle on the penguin shift A0{ [26]. 

Since B° s — > J/ipK*° is a flavor-specific decay and does not exhibit mixing-induced 
CP violation, the implementation of this method has to use measurements of untagged 
and direct CP-violating observables, and an angular analysis is required to disentangle 
the final-state configurations /. 

The experimental measurement of CP violation in B® — > J/ip(f) decays has been pi- 
oneered by the CDF and D0 collaborations. Both these experiments reported their 
final study of this channel with the full statistics. The CDF collaboration [17] recon- 
structs about 11000 such decays using the integrated luminosity 9.6 fb" 1 . The obtained 
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Figure 5: Constraints of all measurements of CP violation in the B° s — > J/ip(p decay in 
the s -Ar s plane (from Ref. [84]). 

confidence regions for the quantity (3 S = — (p s /2 is 

/3 S E [-7I-/2, -1.51] U [-0.06, 0.30] U [1.26, tt/2] (68% C.L.), (51) 

P s E [-tt/2, -1.36] U [-0.21, 0.53] U [1.04, tt/2] (95% C.L.). (52) 

Assuming the SM value for the CP- violating phase (3 S , the CDF collaboration measured 

r s = [1.528 ± 0.019 (stat) ± 0.009 (syst)] ps, (53) 

Ar s = [0.068 ± 0.026 (stat) ± 0.009 (syst)] ps" 1 . (54) 

A similar analysis by the D0 collaboration [18] is based on 6500 signal events collected 
using the integrated luminosity 8 fb" 1 . The result is consistent with the SM prediction: 

t s = [1-443^1] ps, 



Ar, 



[0.1631 
-0.55 



0.065] -1 
0.064J P b > 

hO.38 
-0.36- 



(55) 



Recently the LHCb experiment reported [19] the most precise analysis of such mea- 
surement. Using a data sample of 0.37 fb -1 , they obtained 



T s = [0.657 ±0.009 (stat) ±0.008 (syst)] ps" 1 , 
Ar s = [0.123 ±0.029 (stat) ±0.011 (syst)] ps" 1 , 
(p s = 0.15 ± 0.18 (stat) ± 0.06 (syst). 



(56) 
(57) 
(58) 



Finally, the ATLAS experiment also performed a study of this final state [20], reporting 
the following results: 



T s = [0.677 ±0.007 (stat) ±0.004 (syst)] ps" 1 , 
Ar s = [0.053 ±0.021 (stat) ±0.010 (syst)] ps" 1 , 
(p s = 0.22 ± 0.41 (stat) ± 0.10 (syst). 



(59) 
(60) 
(61) 
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The combination of all measurements of CP violation in B° s — > J/ip<p is shown in 
Fig. 5 taken from [84]. Since the time-dependent differential decay rates describing the 
decay B° s — > J/ip(p are invariant under the transformation (<p s , AT S ) <H> (n — <p s , —AT S ), 
together with an appropriate transformation for the strong phases, two solutions are 
allowed. This ambiguity can be resolved using the decay B® — > J/ipK + K~ [89]. The 
total decay amplitude is a coherent sum of a slowly varying S-wave (either due to the 
/o(980) or a non-resonant contribution) and a P-wave varying rapidly in the 0(1020) 
mass region. By measuring this phase difference as a function of the K + K~ invariant 
mass, the LHCb collaboration has been able to resolve this ambiguity [90]: the sign of 
Ar s is determined to be positive, as predicted in the SM. 

The B° s -> J/^K*° decay was observed by CDF [91] and LHCb [92]. The most recent 
LHCb branching ratio (4.4±g;| ± 0.8) x 10~ 5 agrees well with the prediction (4.6 ± 0.4) x 
10~ 5 obtained from the BR(£?° — > J/ipp ) by means of the SU(3) flavor symmetry [26], 
and the polarization fractions agree well with those of B° d — > J/ipK*°. 

The experimental sensitivity for the extraction of S from B® — > J/ip4> a t the LHCb 
upgrade (50fb _1 ) is expected as A0 s | exp ~ 0.008 = 0.46° [76]. In view of this impressive 
precision on the one hand and A0^ = — (1.28 ± 0.74)° following from the current data 
for B® — > J/ipir, J/tpK decays with a dynamics similar to B° s — > J/vp(f) 011 the other 
hand [93] , it will be crucial to get a handle on the penguin effects at the LHCb upgrade 
as they may mimic NP effects. 

3.4 CP Violation in B° s J/^/o(980) 

Another £?°-meson decay which has recently entered the stage is B® — > J /ipj o(980). This 
channel was observed by the LHCb [94], Belle [95], CDF [96] and D0 [97] collaborations. 
The dominant decay mode proceeds via fo — > 7r + 7r~, with a branching ratio about four 
times smaller than that of B° s — > J/ip(f) with — > K + K~ . On the other hand, since 
the f = /o(980) is a scalar J PC = ++ state, the final state is CP-odd so that no 
angular analysis is required in order to disentangle CP eigenstates as in the case of the 
B° s — >• J/ijxj) decay. Consequently, the analysis is simplified considerably and offers an 
interesting alternative for the determination of <p s [98,99]. 

The impact of hadronic uncertainties on the extraction of <p s from CP violation in 
Bg — > J/ipfo was studied in detail in [28], and for the B Sjd — > J/t/jrj^ system in [29]. 
The general formalism is analogous to the discussion in Subsection 3.3: 

A(B° S -)• J/^/o) oc [1 + e&e'V 7 ] . (62) 

The key feature is again that the hadronic penguin parameters is doubly Cabibbo- 
suppressed by the tiny e. The mixing-induced CP asymmetry can be written as 

S(B° S -+ J/i/>fo) = y/l-C(B°^ Wo) 2 sin(0 s + A0 S ), (63) 

where A0 S is given by an expression analogous to (48). However, in contrast to the 
B® — > J/ifjKg and B® — > J/ip<j) decays, the B® — > J/ipfo channel suffers from the fact 
that the hadronic structure of the /o(980) is poorly known: popular benchmark scenarios 
are the quark-ant iquark and tetraquark pictures. In the latter peculiar decay 
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topology arises at the tree level that does not have a counterpart in the quark-antiquark 
description [28]. 

The parameter b depends on the hadronic composition of the f and is therefore 
essentially unknown. Making the conservative assumption < b < 0.5 (where the 
upper bound of 0.5 is related to the Rb ~ 0.5 factor in (44)) and 0° < $ < 360° yields 
Acj) s e [-2.9°, 2.8°]. This range translates into the SM range 

S(B S -+ JM/o)| SM e [-0.086, -0.012], (64) 

while the naive value with A<p s = 0° reads (sin0 s )|sM = —0.036 ± 0.002 [28]. 

As we have noted in Subsection 2.4, effective B° s decay lifetimes offer an interesting 
alternative for the extraction of <j) s and AT S . This is also the case for the B° s — > J/ipfo 
channel [74, 75] , where the situation corresponding to the current data is shown in Fig. 3. 
The B° s effective lifetime in the J /tpj o(980) final state is currently known with a pre- 
cision of the order of 3% (see Section 2.4). The corresponding contour in the s -Ar s 
plane is very robust with respect to the hadronic penguin uncertainties, thereby nicely 
complementing the analysis of (63). A future measurement of the effective lifetime rj/^/ 
with 1% uncertainty would be most interesting. 

A study of CP violation in the B° s — > J/tpf (980) decay was done by the LHCb 
collaboration [21], with the result 

s = -0.44 ± 0.44 (stat) ± 0.02 (syst). (65) 

In addition, LHCb studied B® — > J/ifj7i + ir~ decays [22], which includes both the /o(980) 
and non-resonant final state. The obtained value of <p s is more precise 

4> s = -0.0191°;™ (statfiS (syst). (66) 

In view of the large errors in the value of <p S) the hadronic corrections discussed above 
are not yet relevant in this analysis. However, once the experimental result enters the 
SM range in (64), the hadronic phase shift A0 S has to be controlled in order to match 
the theoretical and experimental precisions. 

In order to obtain insights into these effects, it would be interesting to compare the 
separate measurements of <p s from B® — > J/ip(f) and B® — > J/ipfo with each other as 
the hadronic penguin effects have a different impact on these determinations. With the 
LHCb upgrade project, the foreseen experimental uncertainties with 50 fb _1 , are equal 
to 0.46° and 0.80° for the B Q S and B° s J/^/o decays, respectively [76]. In 

particular, in the high-precision era of the LHCb upgrade, these measurements should 
not be averaged in a naive way, neglecting the hadronic corrections. 

Another possibility to probe the penguin effects directly is offered by the B® — > J/vpfo 
channel. Estimates have shown that its branching ratio with f — > 7r + 7r~ could be as 
large as (9(10~ 6 ) [28]. The translation of the corresponding penguin parameters into their 
counterparts entering the B s — > J/ipfo mode depends unfortunately also on assumptions 
about the hadronic structure of the /o(980). However, a better picture of this still 
unsettled hadronic scalar state may be available once these challenging measurements 
can be performed in practice. 
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3.5 CP Violation in B° s J/ij>K s 

The decay B® — > J/ipK^ originates from b — > ccrf quark-level processes and is related 
to 5^ ->■ J/V^s through the C/ -spin flavor symmetry of strong interactions, which 
relates down and strange quarks to each other in a manner similar to the SU{2) isospin 
symmetry connecting the up and down quarks [23]. In the SM, the decay amplitude of 
this channel can be written as 

A(B° S -> Jji> K s ) = -X A (1 - ae if V 7 ) , (67) 

which has a structure similar to (50). On the other hand, we have 

A(B° d -> Jji) K s ) = (1 - A 2 /2) ^' (l + eaW 7 ) , (68) 

where the penguin parameter a'e %e ' enters in a doubly Cabibbo-suppressed way. The 
[/-spin symmetry implies the relation 

a' = a, 6' = 6. (69) 

As was pointed out in Ref. [23], the information offered by the ratio of the B Syd — > 
J/ijjKs branching ratios and the direct and mixing-induced CP asymmetries of the B s — > 
J/ijjKs channel can be converted into the angle 7 and the penguin parameters a, 6 by 
means of the [/-spin symmetry. 

In 1999, the 7 determination appeared the most interesting aspect of this strategy 
[23]. A feasibility study was preformed in Ref. [27]. It showed that the extraction of 7 
looks feasible for the LHCb upgrade era but will probably not be competitive with other 
methods for the extraction of 7. On the other hand, if 7 is used as an input, the penguin 
parameters a and 9 can be extracted in a theoretically clean way from the CP-violating 
Bg — > J/ipKs asymmetries. Using (69), the penguin parameters affecting the extraction 
of the angle (5 of the unitarity triangle from the CP violation in B® — > J/^K S can then 
be determined. 

The extraction of a and 8 will be the key application of the B® — > J/ipKo, channel. 
Since the dynamics is similar to that of the B° s — > J/ipK*°, J/ip<j) system, valuable insights 
into the size of the penguin uncertainties affecting the extraction of <f> s , as discussed in 
Subsection 3.3, can be obtained. 

The B s ->■ J/^pK s channel has been observed by CDF [91] and LHCb [100], but so 
far only measurements of the branching ratio are available, where the subtleties related 
to the sizable B s decay width difference Ar s discussed in Subsection 2.3 have to be 
taken into account. A test of the SU(3) flavor symmetry is provided by the following 
ration [27,100]: 



-51/(3) 



(b d 

^JAK> r Bd 



theo 

2BR(£° -> J/^7r°) thco 



0.93 ±0.15, (70) 



where the $ and r Bq denote phase-space factors and B q lifetimes, respectively, and 
the "theoretical" branching ratios refer to the definition in (17). In this expression, 
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Figure 6: Illustration of the tree (left) and penguin (right) diagrams contributing to the 
B° s ->■ K+K- decay. 



tiny penguin annihilation and exchange topologies (which can be constrained through 
experimental data) have been neglected. In the SU(2>) limit, we have then B.su(3) = 1, 
which is consistent with the numerical value following from the current branching ratio 
measurement. 

We look forward to future measurements of the effective B s — y J/ipKs lifetime and 
the CP asymmetries of this channel. 



3.6 CP Violation in B° s -> K + K~ 

The decay B® — y K + K~ originates from b — > suu quark-level transitions and receives 
contributions from tree and penguin topologies, as illustrated in Fig. 6. In the SM, the 
corresponding decay amplitude can be written as follows [101]: 



A(B°->K + K~) =e^\C 



1 + -d'e w 'e- l ~< 
e 



(71) 



where C and d'e 10 ' are CP-conserving parameters. While the former is governed by the 
tree topology, the latter is a measure of the ratio of the penguin to tree amplitudes. 
Interestingly, thanks to the peculiar CKM structure of (71), the B° s — y K + K~ decay is 
dominated by the penguin topologies. 

Looking at the diagrams in Fig. 6, we observe that we get the topologies for the B® — y 
7T + 7r~ decay by interchanging the roles of all down and strange quarks. Consequently, the 
two decays are related to each other through the U -spin symmetry of strong interactions, 
in analogy to the B s>d — » J/ipK s system discussed in Section 3.5. The corresponding 
decay amplitude is given in the SM as follows: 

A(B° d 7T+7T-) = e * (l - y) C [l -de i6 e^] , (72) 

where C and de ld are the counterparts of the primed quantities in (71). The B° d — y 7r + 7r~ 
channel is dominated by the tree contributions. 

If we apply the t/-spin symmetry, we obtain the relations [101] 

d' = d, 6' = 6. (73) 

As the B® g-B® s mixing phases are known, the direct and mixing-induced CP asymme- 
tries of the B d — y it + it~ and B s — y K + K~ decays allow the determination of theoretically 
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clean contours in the 7-d and 7-cf planes, respectively. Using the first relation in (73), 
7 and the hadronic parameters d, 9 and 9' can be determined [101], where the strong 
phases 9 and 9' offer an internal test of the U -spin symmetry. 

In Refs. [102,103], detailed discussions of this strategy can be found. The B Q S — >■ 
K + K~ decay has been observed by the CDF [104], Belle [105] and LHCb [36] collabo- 
rations. Using the branching ratio information, non-perturbative QCD sum rule calcu- 
lations of the form-factor ratio entering \C'/C\ [107], and measurements of CP violation 
in B d — > 7r + 7r~, B d — > 7r T _ft' ± , the following result for 7 was determined in Ref. [103]: 

7 = (68.3±f 7 | input ^?|^i| Ae )°, (74) 

where the first error is due to the uncertainties of the input quantities, and the latter 
errors describe [/-spin-breaking effects parametrized as £ = d' jd = 1 ± 0.15 and A9 = 
9' — 9 = ±20°. The result for 7 in (74) is in excellent agreement with the fits of the 
unitarity triangle. 

The usefulness of the effective B s — > K + K~ lifetime has already been addressed in 
Section 2.4 and Fig. 3. For a more detailed discussion, the reader is referred to Ref. [74]. 

A variant of the B s — > K + K~, B d — > it + it~ strategy for the extraction of 7 discussed 
above has recently been discussed in [106]. The experimental prospects of the exploration 
of the B s — > K + K~ , B d — > 7t + tt~ system are promising for the LHCb experiment [76]. 
First results have been obtained by the LHCb collaboration using only a fraction of the 
2011 data (0.69 fbT 1 ) [108] In the notation of Eq. (25), these results read as follows: 

C(B S ->■ K + K~) = -0.02 ± 0.18(stat) ± 0.04(syst) S = 0.098 ± 0.04, 
S(B S ->■ K+K-) = 0.17 ± 0.18(stat) ± 0.05(syst) S = 0.215±g;g^; (75) 
for comparison, we give also the SM predictions obtained in Ref. [103]. 



3.7 CP violation in B° -> 7r + K~ 

Another interesting decay is B° s — > tt + K~, which receives contributions from penguin 
and tree topologies and can be combined with B® — > n~K + to determine the CKM angle 
7 [102, 109, 110]. As this channel is flavor-specific, it does not exhibit mixing-induced CP 
violation. Using SU (3) flavor-symmetry arguments yields the relations 

A&(B° S n+K~) « A^(B° d 7T+7T-) 
BR(B d ->■ n^K* 



BR(B S ->■ n±K^) 



A&(B»^n-K + ) (76) 



between the direct CP asymmetries of the B° s — > ir + K~, B® — > n~K + and B° d — > it + it~ 
channels, arising from the interference between tree and penguin contributions. The 
B® — > n~K + decay has allowed the establishment of direct CP violation in the B- meson 
system [111-113], thereby complementing the measurement of direct CP violation in 
Kl,s 7171 decays through a non- vanishing value of the Re(e'/e) parameter by the 
KTeV [114] and NA48 [115] collaborations. 
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Figure 7: Invariant Kir mass spectra. The right plot corresponds to the K + tc~ invariant 
mass while the left plot corresponds to the K~tc + invariant mass. The results of the 
unbinned maximum likelihood fits are overlaid. The main components contributing to 
the fit model are also shown (from Ref. [117]). 



The B° s — > n + K~ channel has been extensively studied at the Tevatron [116] and the 
Belle experiment [112]. 

In 2012, the LHCb experiment has provided the first evidence of direct CP violation 
in this channel [117], confirmed later by the CDF experiment [118]: 

Acp( B s k + K-) = 0.27 ± 0.08 (stat) ± 0.02 (syst) (LHCb), (77) 
Acp(B° s ->• ir + K~) = 0.22 ± 0.07 (stat) ± 0.02 (syst) (CDF), (78) 

which is the first signal of CP violation in the S s -meson system. The clear asymmetry 
is already visible from the raw signal yields from Fig. 7, and the result is consistent with 
the relations in (76) for the most recent measurements of CP violation in B% — > 7r + 7r~. 

3.8 CP Violation in B s DfK^ Decays 

In contrast to the modes discussed in the previous sections, B s — > DfK T decays receive 
only contributions from tree-diagram-like topologies, i.e. there are no penguin contribu- 
tions present. As can be seen in Fig. 8, both B° s and B° s mesons can decay into the 
DfK~ final state. Consequently, interference effects between B®-B® mixing and decay 
processes lead to a time-dependent CP-violating rate asymmetry, which has the same 
form as the expression in (25). Moreover, both decay paths are of the same order A 3 in 
the Wolfenstein expansion [53], thereby leading to large interference effects. The corre- 
sponding CP asymmetries provide sufficient information to determine the phase <fr s + 7 
in a theoretically clean way [119, 120]. The decay width difference AT S offers new ob- 
servables for this method and allows an unambiguous determination of (f) s + 7 [120], as 
studied in Refs. [121]- [123]. For a detailed recent analysis of the B s — > Di * K^ 1 system 
in view of the sizable AT S , the reader is referred to Ref. [124]. 
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Figure 8: Feynman diagrams contributing to B® — > D+K and B° s — > DfK decays. 



Concerning the experimental status, the CDF [125], Belle [126] and LHCb [127] 
collaborations have reported first measurements of the B s — > DfK T branching ratio: 



0.097 ± 0.018 (stat.) ± 0.009 (syst.) 



BR(B S ->■ D±ttF) 



cxp 



[CDF], 

0.0646 ± 0.0043 (stat.) ± 0.0025 (syst.) [LHCb]; 



0.0651°'^ (stat. 



(79) 



the errors of the Belle result are dominated by the small B s — > DfK T data sample. These 
branching ratios correspond to the "experimental" time-integrated branching ratios, as 
introduced in Eq. (16). In Ref. [124], it was pointed out that there is a theoretical lower 
bound of 0.080 ± 0.007 for the ratio in (79). Using data for B d — > D ± n T decays and the 
SU(3) flavor symmetry results in a sharper picture, with the following prediction [124]: 



BR(B S ->■ DfK* 



/cxp 



BR(B S ->■ D±7r=F) 



cxp 



0.0864^. 



(80) 



SU(3) 



In addition to the ratio in (79), another interesting observable is provided by the 
following asymmetry (see also Ref. [128]): 



BR(B S -)• DfK-) cxp - BR(B S -> DjK+) 



cxp 



BR(B S ->• D+K~) exp + BR(5 S -)• D-R+) cxp 

A Ar (B s -> - -4 Ar (5 s -> D~K + ) 



(81) 



51/(3) 



-0 027 +a052 

u - uz ' -0.019' 



where we give also the theoretical prediction following from the SU (3) flavor symmetry 
and the Bd — > D ± it T data. An experimental non-vanishing value of (81) would establish 
a difference between the A&r(B s — > D+K~) and Aat(B s — > D~K + ) observables. The 
corresponding effective lifetimes defined in analogy to (19) offer also useful information 
[124,128]. 

Using 1 ftT 1 of pp collision data recorded in 2011 at a center of mass energy of y/s = 7 
TeV, LHCb has reported the first measurement of the time-dependent CP asymmetries 
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of Bg DJK ± decays [129]. In the notation of Eq. (25), the results read as 



C(B S D+K-) 



-C(B S D-K+) 



1.01 ± 0.50(stat) ± 0.23(syst), 
1.25 ± 0.56(stat) ± 0.24(syst), 
0.08 ± 0.68(stat) ± 0.28(syst), 
1.33 ± 0.60(stat) ± 0.26(syst), 
0.81 ± 0.56(stat) ± 0.26(syst). 



S(B S D+K-) 



S(B S -> D-K+) 
A Ar (B s D+K-) 
A A r(B s ->• l>;x + ) 



(82) 



Since S is known from analyses of the B s — > J/ip(p and B s — > J/tpfo decays as we 
have discussed in Subsections 3.3 and 3.4, the phase 4> s + 1 which can be extracted in 
the future from these measurements can be straightforwardly converted into 7. This de- 
termination complements nicely the well-established time-integrated methods to extract 
7 from B~ — > D^>K^>~ and 5° — > D°K*°, which are also pure tree-level decays [76]. 

3.9 Further B s Decays to Explore CP Violation 

The i? s -meson system offers various other decays with an interesting physics potential 
for the exploration of CP violation. Since a detailed presentation goes beyond the scope 
of this review, let us just briefly list promising channels. 

The decay B° s — > D+D~ originates from b — > ccs quark-level processes, and receives 
contributions from a tree topology and doubly Cabibbo-suppressed penguin amplitudes. 
It offers yet another determination of the B®-B® mixing phase <p s and can be combined 
with the B® — > D^D^ channel through the [/-spin symmetry to extract the CKM 
angle 7 and the relevant penguin parameters [23,130]. Performing an angular analysis, 
information about (j) s can also be extracted from the B® — > D* s + D*~ channel. A first step 
towards this analysis is the measurement of the branching fraction of the B® — > D+D~ 
decay mode. It has been measured relative to the B® — > D+D~ channel by the LHCb 
collaboration with 1 ftT 1 [131]: 



in good agreement with the current world average [68] but with an higher precision. 

The B° s — > K*°K*° mode is caused by b — > dds transitions and receives therefore 
only contributions from penguin topologies. It is hence of interesting to test the SM 
description of CP violation. The B° s — > K* Q K* Q decay can be related to the B® — > 
K*°K*° channel by means of the t/-spin symmetry, thereby allowing the extraction of <p s 
and 7 from the observables of the time-dependent angular distribution [132]. The B° s — >■ 
K*°K*° mode has received increasing interest in the context with the determination of 
<fi s [73,133-135], and the LHCb collaboration has recently reported the first observation 
of this channel [72]. 

The final B s decay of our discussion of CP violation is the B° s — > <fxf) channel, which 
is caused by b — > sss quark-level processes. It is again a pure penguin decay, which 
offers a sensitive probe to new sources of CP violation; for a detailed recent theoretical 



BR(B» -» D+D 7 ) 
BR(B» DfD~) 



0.508 ± 0.026(stat) ± 0.043(syst) 



(83) 
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Figure 9: Decay topologies contributing to the B° s — y decay in the SM. 

analysis see Ref. [136]. It will be exciting to measure its time-dependent CP-violating 
rate asymmetry at the LHCb experiment. So far, only time-integrated measurements 
of angular distributions are available [137,138]. Such measurements offer interesting 
analyses of triple product asymmetries [139,140]. 



4 Rare Decays of Mesons 
4.1 The B® -> fi+fi- Decay 

In the SM, the rare decay B s — y originates from loop contributions, as illustrated 

in Fig. 9. Moreover, as only leptons are present in the final state, the hadronic sector 
is simply described by the non-perturbative B s decay constant fs 3 - The B s — y fi + fi~ 
channel is one of the cleanest rare B decays and therefore offers a powerful probe to 
search for NP effects which may enter through new particles running in the loops or 
even through new flavor-changing neutral current contributions at the tree level (see [83] 
and references therein). 

The most recent theoretical update of the B s — y branching ratio arising in the 

SM is given as follows [141]: 

BR(B S ->■ // + /Osm = (3.23 ± 0.27) x 10~ 9 , (84) 

where the error is dominated by the lattice QCD value of B s decay constant f Bs - The 
extremely small branching ratio makes the experimental search and analysis of this rare 
decay very challenging. 

For the following discussion, it is useful to have a closer look at the theoretical 
description of the B° s — y fi + fi~ channel. The starting point is an appropriate low-energy 
effective Hamiltonian [142]. Using the same notation as in [143], it can be written as 
follows: 

n cS = -^-aV*V tb [dodo + C s O s + C P Op + C' 10 O' w + C' s O' s + C' p O' p ] . (85) 

Here Gp and a are the Fermi and QED fine-structure constants, respectively, and the 
V qq > are CKM matrix elements. The short-distance physics is encoded in the Wilson 
coefficients Cj, C[ of the four-fermion operators 

O w = (s^P L b)(lY l5 i), O s = m b (sP R b)(Ii), P = m b (sP R b)(£ l5 £), (86) 
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Figure 10: Invariant mass distribution of the selected B° s — > /i + /U~ candidates (black 
dots) in a signal enriched region [35]. The result of the fit is overlaid (blue solid line) 
and the different component detailed: B° s — >■ yU + /i~(red long dashed), -» yU + /i~ (green 
medium dashed), — >■ h + h~ (pink dotted), 5° — >■ ir~ (black short dashed) and 
jB o(+) 

— >■ 7r°( + ^/i + /i (light blue dot dashed), and the combinatorial background (blue 
medium dashed). 



where Pl,r = (1 T 7s)/2, is the 6-quark mass, and the 0[ are obtained from the 
through the replacements Pl Pr. All matrix elements can be expressed in terms of 
the 5 s -meson decay constant fg s . 

In the SM, (85) simplifies considerably. Then we have to deal only with O\o and 
its real Wilson coefficient Cf^ 1 , which governs the SM prediction in (84). Concerning 
the search for NP effects, the B° s — >■ decay has the outstanding feature to offer 

sensitivity to the (pseudo-) scalar lepton densities entering the 0(p)s and O f , p ^ s opera- 
tors, which is particularly relevant for models with extended Higgs sectors. The Wilson 
coefficients of these operators are still largely unconstrained by the current data (see, for 
instance, [143]). 

The first step for the experimental exploration of the B s — > fi + decay is the mea- 
surement of the branching ratio. Since it is experimentally very challenging to measure 
the muon helicity, we consider the untagged combination 

(T(B s (t) /,V)> = E t r (^(*) ri^x) + r(B,°(t) AiV)] • (87) 

A=L,R 

Ignoring the time information in this rate, we obtain the time-integrated "experimental 
branching" ratio as defined in Eq. (16). 

The search for B s — > fi + at the Tevatron experiments has finally reached the region 
of about ten times the SM value (84), where D0 and CDF obtain the upper bounds 
5.1 x 1(T 8 [31] and 4.0 x 10~ 8 [32] for the branching ratio at 95 % C.L., respectively. The 
search has been continued by the LHC experiments [33,34,144], reaching a combined 
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limit of BR(B° S ->■ fi+fj,-) < 4.2 10~ 9 (95 % C.L.), which is only 20% larger than the SM 
prediction. 

In November 2012, the LHCb collaboration has reported the first evidence for B° s — >■ 
at the 3.5cr level, with the following branching ratio [35]: 

BR(B S ->■ fj+fT) = (3.2t\i) x 10~ 9 . (88) 

The invariant mass distribution of the B® — > n + fi~ candidates in a signal enriched region 
is shown in Fig. 10. 

While the experimental upper bounds and the LHCb result in (88) refer to (87) and 
the time-integrated "experimental" branching ratio (16), the SM prediction in Eq. (88) 
refers to the "theoretical" branching ratio defined in (17). As was pointed out in Ref. [41], 
the conversion between these two branching ratio concepts is given by the following 
expression: 



BR(B S ->■ ) t heo = 

where it is essential that the observable 



l + A\r y s 



BR(B S -> /iV)ex P , (89) 



\p 


2 COS 


2^ 


p — \S\ 2 cos2<y?s 




P 


2 + \S\ 2 



^Ar = ; IOI9 ( 9U ) 



does not depend on the muon helicity (note also that fp s cancels). Here the combinations 
of Wilson coefficients 

P = |P|e- = Cw ~ ^ + < f m& ^ ( Cp-C'A 

and 



K M kf ™ b \fC s -C' s 



5= |5|e^ = Wl-4— f-^ — " SM (92) 

with their CP- violating phases fp t s have been introduced in such a way that P = 1 
and 5 = in the SM. In (90), the NP contribution to the B°-B° mixing phase (5) was 
neglected. This effect can straightforwardly be included through 2{pp t s —> 2tpp,s ~ 0f P - 
However, the LHCb data for CP violation in B s — > J/ijxf), J /ipj o(980) already constrain 
to the few-degree level (see Subsections 3.3 and 3.4), whereas the ipp t s are still 
essentially unconstrained. 

As can be seen in (90), since NP may enter through the Wilson coefficients, the Aat 
observable is currently unknown. On the other hand, the SM gives the theoretically clean 
prediction of A/^ = +1- Using (89), we hence rescale the theoretical SM branching ratio 
in (84) by a factor of 1/(1 — y s ), yielding 

BR(B S ->■ ^/OsmL = (3.54 ± 0.30) x 10~ 9 (93) 

for the value of y s in (14). This is the SM reference value for the comparison with the 
experimental branching ratio 
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Once the currently emerging B s — > fi + fi~ signal has been well established and more 
data become available, also the decay-time information for the untagged data sample 
can be included, which will allow the measurement of the effective lifetime B s — > fi + fi~ 
lifetime, which is defined in analogy to (19) [40,41]. The effective lifetime allows the con- 
version of the experimental B s — > fi + fi~ branching ratio into its theoretical counterpart 
through an expression that is analogous to (20). Moreover, also the observable 



A A r = 



Vs 



(1-t/Xv- -0- + yl)TB a 

2t Bs - (1 - y2)r M+Ai - 



(94) 



can be extracted from the data. 

These measurements offer are exciting new aspects for the exploration of the B s — > 
fi + fi~ decay at the high-luminosity upgrade of the LHC. An extrapolation from current 
measurements of the effective B s — > J/ip /o(980) and B s — > K + K~ lifetimes by the CDF 
and LHCb collaborations to t m + m - indicates that a precision of 5% or better may be 
feasible [41]. Detailed experimental studies are strongly encouraged. 

The Ar s effects propagate also into the NP constraints that can be obtained from 
the comparison of the experimental B s — > fx + fi~ branching ratio with the SM, where it 
is useful to introduce the following ratio [41]: 



R = 



BR(B S -> /!+ /I- 



I cxp 



BR(B S fi+n- 



ISM 



y s cos 2(f P 

i-y 2 



\p\ + 



l-y 8 cos 2<p s 

i-y 2 s 



\S\ 



(95) 



Using (84) and (88) yields R = l.Olg^, where the errors have been added in quadrature. 

The R ratio can be converted into ellipses in the jPl-l^j plane which depend on 
the CP-violating phases tfp t s- Since the latter quantities are unknown, R fixes actually 
a circular band with the upper bounds \P\, \S\ < a/(1 + y s )R- As the experimental 
information on R does not allow us to separate the S and P contributions, still significant 
NP contributions may be hiding in the B s — >• n + n~ channel. 

This situation can be resolved by measuring the effective lifetime t m + m - and the 
associated A&t observable, as illustrated in the figures shown in [41]. 

In the most recent analyses of the constraints on NP parameter space that are im- 
plied by the experimental upper bound on the B s — > branching ratio for various 
extensions of the SM, authors have now started to take the effect of Ar s into account 
(see, for instance, [145]- [147] and the papers in [148]- [156]). 



4.2 The B® 4>j Decay 

Another interesting rare B° s decay is the B® — > <f) / ~f channel, which arises in the SM from 
penguin topologies. It is the B s counterpart of the B® — > K* 0/ -f mode and originates 
from b — > quark-level processes. The data for B® — >• K* 0r y and the inclusive B — > X s j 
mode are in agreement with the SM within the errors and have put strong constraints 
on NP models. 

The SM prediction reads BR(5° 07) = (4.3 ± 1.4) x 10~ 5 [157], where the un- 
certainty is due to the non-perturbative QCD effects which are encoded in the cor- 
responding form factors. A more precise theoretical prediction is given for the ratio 
BR(B° d ->■ K*° 7 )/BR( J B S ->■ 7 ) = 1.0 ± 0.2 [157]. 
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The decay B® — > 07 was first measured by the Belle collaboration [158]: 

BR(5 S ° -> 7 ) = [5.7l^(stat)+;;J(syst)] x 10~ 5 . (96) 
Recently, the LHCb collaboration published [159] the measurement of the ratio 
BR(fl° ir*° 7 ) , , o ^ n AO ^ N+0 .06,„ ^+o.09, 



BR(fl° 7 ) 



= 1.12 ± 0.08(stat)™(syst)™(frag). (97) 



The last uncertainty is due to the ratio f s /fd of fragmentation fractions discussed in 
Subsection 1.3. This result was obtained using 0.37 fbT 1 of pp collisions at LHC. Using 
this measurement and the world average value [68] of the BR(5° — > K* 0/ ~f), the LHCb 
collaboration has obtained the currently most precise measurement of BR(B® — > 07), 
which is given by 

BR(B° S ->■ 7 ) = (3.9 ± 0.5) x 10~ 5 . (98) 

The obtained experimental results are consistent with each other and with the SM pre- 
diction. 

An interesting aspect of the B° s — > 07 channel is that Ar s offers an observable, 
which allows to measure the photon polarization and is sensitive to right-handed currents 
appearing in scenarios of physics beyond the SM [160]. This feature distinguishes B° s — > 
(fry from B° d — > K* ^ as AT d is negligibly small. 



4.3 The B® cf)fi + fi~ Decay 

Another interesting rare decay is B° s — > <fifi + {i~ , which is the B s counterpart of the well- 
known B% — > K*°fi + fi~ channel. For a detailed study of the theoretical aspects of the 
Bg — > (pfi + {i~ mode, we refer the reader to Ref. [161]. 

The CDF collaboration performed an extensive study of decays originating from 
b — > sfi + fi~ quark-level processes with different hadrons in the initial and final states. 
The analysis is based on the statistics corresponding to 9.6 fb^ 1 of pp collisions. This 
result [162] was still unpublished at the time of preparing this review. In each case 
the branching fraction of the decay Hb — > h{i + pr is normalized to the well identified 
decay — > J/iph with J /if) — > fi + fi~. Such a normalization significantly reduces the 
systematic uncertainty of the measurements. The following result for the decay B° s — > 
(f>H + H~ is obtained: 

Br(B° s -> 0/iV~) = [1.17 ± 0.18(stat) ± 0.37(syst)] x 10~ 6 . (99) 

These measurements are continued by the LHCb experiment which has recently obtained 
with 1 fb" 1 [163]: 

Br(£° 0At + At _ ) = [0.78 ± O.lO(stat) ± 0.06(syst) ± 0.28(BR)] x 10~ 6 (100) 

where the last uncertainty comes from the knowledge of the B Q S — > J/if>4> branching 
fraction. In future, a better precision, could reveal possible NP contributions. In partic- 
ular angular analyses, similar to those performed for the B d — > K*°{i + {i~ decay, will be 
extremely interesting. 



28 



5 Conclusions and Outlook 



The f^-meson system plays a key role in the testing of the quark-flavor sector of the SM. 
After pioneering work at the Tevatron and measurements at the Belle experiment, the 
exploration of weak decays of B s mesons has now fully shifted to the LHC. In 2012, we 
have seen two particularly exciting developments in the exploration of the B s system: the 
common efforts of the Tevatron and LHC experiments has established a non-vanishing 
decay width difference Ar s , and the first evidence for the rare decay B° s — > has been 

reported at the 3.5a level by the LHCb experiment, thereby complementing the previous 
constraints from the CDF, D0 ATLAS and CMS collaborations. Both measurements 
are in accordance with the SM although the branching ratio of B° s — > fi + fi~ has still a 
large error. It will be very interesting to monitor the future evolution of the experimental 
picture. 

Concerning the theoretical aspects of these results, the sizable value of AT S leads to 
subtleties in the interpretation of time-integrated B s rates in terms of branching ratios 
but provides also new observables which can be accessed through effective B s decay 
lifetimes. The emerging signal for the B° s — > fi + fi~ decay has entered many analyses of 
specific NP models, in particular supersymmetric scenarios, where strong constrains on 
the corresponding parameter space emerge. The effective lifetime of B s — > fi + fi~ offers 
a new, theoretically clean observable for the search for NP that is complementary to 
the branching ratio. Detailed studies for the high-luminosity upgrade of the LHC are 
strongly encouraged. 

In the exploration of CP violation in the £> s -meson system, we have seen more precise 
experimental analyses of the benchmark decays B® — > J/^4> and B° s — > J/ipfo in 2012. 
The resulting picture of smallish CP violation - with <fi s in the few degree regime - is again 
consistent with the SM description of CP violation through the Kobayashi-Maskawa 
mechanism. In view of this development, penguin contributions to the corresponding 
decay amplitudes have to be controlled. Since these topologies enter in a doubly Cabibbo- 
suppressed way they are usually neglected. However, once the experimental precision 
increases further, in particular at the LHCb upgrade, these effects may lead to fake NP 
signals and it will be crucial to match the experimental with the theoretical precision. 
Thanks to their non-perturbative nature, experimental control channels have to be used 
to probe the importance of the penguin contributions. In this context, the B® — > J/ipK s 
and B° s — > J/ipK* decays play key roles, where first measurements of branching ratios 
and angular observables are already available. Another highlight of the exploration of 
CP violation is the B® — > n + K~ channel, where LHCb and CDF established a direct 
CP asymmetry in 2012, which is again in accordance with the SM and SU(3) relations 
to the direct CP asymmetries of the B® — > n~K + and B® — > it + it~ modes. Important 
first steps in the measurement of CP violation in the B s — > K + K~ and B s — > DfK T 
channels could also be made by LHCb. 

We look forward to many more exciting results in the exploration of rare decays and 
CP violation in the B s system! 
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